This study investigated the host response to a polymicrobial pulpal infection 27 consisting of Streptococcus anginosus and Enterococcus faecalis, bacteria 28 commonly implicated in dental abscesses and endodontic failure, using a validated 29 ex vivo rat tooth model. Tooth slices were inoculated with planktonic cultures of S. 30
Introduction 51
The dental pulp is a complex environment composed of soft connective tissue, 52
nerves, blood vessels and a variety of cells, such as dental pulp stem cells, 53 fibroblasts and odontoblasts (1). When the pulp becomes inflamed in response to 54 bacterial infection or other stimuli, this is known as pulpitis. Early stages are 55 considered "reversible" and treatment involves removal of the stimulus, such as 56 carious lesions, in order to maintain pulp vitality. If untreated however, the microbial 57 invasion may progress into the deeper dentin and subsequently the pulpal chamber 58 resulting in severe tissue degradation and necrosis. This condition, known as 59 "irreversible pulpitis", requires a challenging and difficult endodontic or root canal 60 treatment, which involves the removal of the pulp and obturation with an inert 61 material. The success rate of root canal treatments is highly variable, ranging from 62 31% to 96% depending on clinical considerations (2) and studies across a range of 63 countries have shown a high percentage (up to 67.9%) of patients who have 64 undergone this treatment subsequently develop apical periodontitis (3, 4). An 65 alternative endodontic treatment is vital pulpotomy, which involves removal of the 66 coronal pulp, leaving the radicular pulp vital and free of any pathological alterations 67 (5). Although this procedure is thought to require shorter appointment times and can 68 be accomplished in one visit, the efficacy of this technique is debated with success 69 rates of clinical studies ranging from 70% to 96% (6). Accurate models to better 70 understand the process of pulpal infection and to test the efficacy of novel 71 therapeutics will aid in the development of more effective vital pulp treatments. In 72 vitro monolayer cell culture models lack the complexity of the pulpal matrix, whilst in 73 vivo studies suffer from systemic factors, high costs and ethical considerations. To 74 overcome these limitations, Roberts et al. (7) developed an ex vivo co-culture 75 7 6.5% compared to 2%, p=0.00021) and the mixed species infections (50:50, 150 p=0.0235 and 90:10, p=0.0032). 151 152
S. anginosus and E. faecalis infections significantly reduce pulp cell viability with E. 153 faecalis infections inducing a significantly greater inflammatory response. 154
To establish the dental pulp host response to S. anginosus and E. faecalis 155 infections alone and as mixed species infections, histomorphometric analysis was 156 performed alongside RT-qPCR and immunohistochemistry for TNF-α and IL-1β 157
expression. 158
Histological cell counts of the infected tooth sections demonstrated a significant 159 reduction (p≤0.05) in viable cells due to infection by both E. faecalis and S. 160 anginosus alone and in combination (Fig. 4A ). There were no significant differences 161 in cell numbers between single species infections and multi-species infections. 162
All infected samples had significantly higher pro-inflammatory cytokine 163 expression, tumour necrosis factor alpha (TNF-α, Fig. 4B ) and interleukin 1 beta (IL-164 1β, Fig. 4C ), when compared to the control samples (p≤0.05). The single species 165 infection of E. faecalis resulted in significantly higher levels of TNF-α and IL-1β 166 expression when compared to S. anginosus (p=0.0276 and p=0.0234 for TNF-α and 167 IL-1β respectively). Combining E. faecalis and S. anginosus together did not result 168 in a significantly higher inflammatory response from the pulp when compared to E. 169 faecalis alone (for TNF-α p=0.493 and p=0.096 for 50:50 and 90:10 respectively and 170 for IL-1β p=0.988 and p=0.400 for 50:50 and 90:10 respectively). 171
Negative controls replacing the primary TNF-α antibody with a nonimmune 172 immunoglobulin G control showed no immunopositivity (Fig. S3) . Similarly, primary 173 exclusion controls were negative for staining, indicating specific binding of the8 secondary antibody (Fig. S3) . Control samples demonstrated low expression of 175 TNF-α and interestingly S. anginosus alone did not induce a high TNF-α response 176 (Fig. 4D ). Samples incubated with E. faecalis alone or in combination with S. 177 anginosus had the most pronounced staining, both within the pulp (around the 178 vasculature) and the odontoblast layer. The level of TNF-α staining in these samples 179 was similar to those encountered in the rat lung positive control (Fig. S3) . 180
Immunohistochemistry staining for IL-1β, showed no positive signal for IgG 181 and primary exclusion controls (Fig. S3) . Similar to the TNF-α 182 immunohistochemistry, the control sample and the sample incubated with S. 183
anginosus alone had few positively stained cells, whilst samples incubated with E. 184 faecalis alone and in combination with S. anginosus had more positively stained cells 185 (Fig. 4D) . Although the level of staining was not as pronounce as observed with 186 TNF-α, the positive cells were again located adjacent to the pulpal vasculature and 187 similar in staining to the positive lung control (Fig. S3) (Fig. S4A) . In terms of the culture supernatant, there was one band at approximately9 35kDa observed with the E. faecalis cultures that was not observed with S. 200 anginosus (Fig. S4B) . 201
When culturing the rat tooth slices with the E. faecalis supernatant or the heat 202 killed E. faecalis, no significant differences were observed in TNF-α expression when 203 compared to the untreated controls (Fig. 5A, p=0 .196 and p=0.152 for supernatant 204 and heat killed E. faecalis respectively). A significant increase was observed in IL-1β 205 expression for the tooth slices cultured with heat killed E. faecalis when compared to 206 the untreated controls (Fig. 5B, p=0 .041) but not for E. faecalis supernatant 207 (p=0.148). 208
The negative controls (IgG control and primary exclusion) and the control sample 209 for the TNF-α immunohistochemistry did not show staining (Fig. S5) . The tooth 210 slices incubated with E. faecalis supernatant had few cells stained positive for TNF-α, 211 the majority of which was concentrated at the pulpal vasculature and odontoblast 212 layer (Fig. 5C) . Similarly, the heat-killed E. faecalis had few cells expressing TNF-α 213 (Fig. 5C ), whilst the lung positive control stained positive for TNF-α (Fig. S5) . 214
The IgG control, the primary exclusion control and the untreated sample ( for IL-1β expression (Fig. S5) (20) . Interestingly, in a study using a primate model, the 234 addition of E. faecalis to a four-strain mixed species culture resulted in higher levels 235 of survival of all four bacteria than in the absence of E. faecalis (21). Another 236 mechanism of coordinating activities and communicating between microbial species 237 is quorum sensing, which has been shown to occur between different groups of 238 Streptococci (22). Although the rate of growth during the log phase was not altered 239 during mixed species planktonic culture in this study, it is important to appreciate that 240 under mixed species biofilm conditions, alterations in growth are likely to occur. 241
The mixed species infection did not result in higher levels of bacterial attachment 242 when compared to E. faecalis alone. The data suggests that E. faecalis is capable 243 of attaching to the dental pulp to a greater extent than S. anginosus, with a particular 244 affinity to the pulpal vasculature. This was not attributed to a more rapid rate of 245 growth or higher number of bacteria as a similar number of S. anginosus was 246 11 counted after 24 hours in planktonic broth culture. Similarly in the mixed species 247 culture where S. anginosus achieved log phase at an earlier time point, attachment 248 was not as high when compared to E. faecalis alone. The increased attachment 249 may therefore be due to differences between the species in terms of motility, sensing 250 or cell surface adhesins. E. faecalis and S. anginosus are classified as groups D 251
and F respectively using Lancefield grouping (23) faecalis, demonstrated LTA treatment led to pulp destruction, albeit to a lesser extent 289 than LPA (32). In vitro studies investigating macrophage responses to E. faecalis 290 LTA found that TNF-α expression was significantly increased in a dose-dependent 291 manner (33), with one study attributing it to the NF-κB and p38 MAPK signalling 292 pathways (34). These studies however were performed using monolayer cultures, 293 allowing easy access for LTA to activate toll-like receptors, whereas the presence 294 extracellular matrix would limit penetration of virulence factors into the dental pulp in 295 vivo. Furthermore macrophages are normally present as monocytes in normal 296 13 healthy pulp and require a stimulus to become activated (35). Studies using 297 immunohistochemistry have shown these monocytes as well as dendritic cells to be 298 located predominantly around blood vessels, with few distributed throughout the pulp 299 (36, 37). 300
High levels of TNF-α expression were also observed in the odontoblast region 301 using immunohistochemistry. Due to its anatomical location, odontoblasts are the 302 first cells to encounter foreign antigens either through infiltration of virulence factors 303 through dentinal tubules or the breakdown of enamel and dentine. Through Gram 304 staining in this study, E. faecalis was observed within the dentinal tubules of the 305 infected tooth slices. This phenomenon has been previously reported in human 306 teeth (38). Odontoblasts, which line the dentine, have been shown to express TLRs 307 and play a role in the pulp's immune response, in particular to bacterial exotoxins 308 (39-41). This explains the high inflammatory response observed for both infections 309 and supernatant treatments when assessed using immunohistochemistry. Cytokine 310 gene expression using RT-qPCR however did not demonstrate higher levels when 311 treating the dental pulp with supernatants or heat killed bacteria. This may be 312 attributed to the fact that the methods employed for pulp extraction would be unlikely 313 to fully remove the odontoblast cells. directly to the culture media and prolonged incubation times to stimulate repair 325 mechanisms. Closer examination of attachment mechanisms using ACE negative E. 326 faecalis mutants and purified LTA would also help fully establish the pathogenicity of 327 E. faecalis in pulpal infections. This will allow the model to be used to develop more 328 effective treatments for pulpitis by assessing the efficacy of antimicrobial and anti-329 inflammatory treatments to inhibit bacterial colonisation. 330
In conclusion, this study has modelled a mixed species pulpal infection consisting 331 of S. anginosus and E. faecalis using a validated ex vivo rat tooth model. Although E. 332 faecalis caused S. anginosus to reach log growth phase more rapidly, the mixed 333 species infection did not result in higher cell death, attachment or inflammatory 334 response from the dental pulp. E. faecalis was found to elicit a much greater 335 inflammatory response, which was due to higher levels of attachment to the dental 336 pulp, with a particular affinity to the pulpal vasculature. Future work will focus on 337 assessing the mechanisms and attachment kinetics in order to elucidate the 338 molecular process and rate at which E. faecalis colonises the pulp. 339 340
Materials and Methods 341
Materials 342
All reagents including culture media, broths and agars were purchased from 343 to the manufacturer's instructions. DNA was used in a PCR reaction using 16S 357 rRNA bacterial universal primers D88 (F primer; 5'-GAGAGTTTGATYMTGGCTCAG-358 3') and E94 (R primer; 5'-GAAGGAGGTGWTCCARCCGCA-3') (42) and sequencing 359 of the products was performed by Central Biotechnology Services (Cardiff University) 360 using a 3130xl Genetic Analyser (Applied Biosystems). DNA sequences were 361 aligned with GenBank sequences using BLAST (NCBI) to establish percentage 362 sequence identity. 363
364

Growth curves 365
Overnight cultures of S. anginosus and E. faecalis in BHI broth were prepared 366 and diluted to 10 8 colony forming units/mL (CFU/mL, absorbance at 600nm=0.08-367 0.1). The inoculum was diluted in BHI to give a starting concentration of 10 2 368 CFU/mL. Mixed species planktonic cultures with a total of 10 2 CFU/mL were 369 prepared consisting of 50% S. anginosus and 50% E. faecalis (herein referred to as 370 50:50) and 90% S. anginosus and 10% E. faecalis (herein referred to as 90:10). The 371 broths were incubated at 37°C, 5% CO 2 and 1mL aliquots removed every 4 hours for 372 24 hours. The absorbance of the aliquots was measured at 600nm using an Implen 373 OD600 DiluPhotometer (München, Germany) and 50μL spiral plated on tryptic soya 374 agar using a Don Whitley Automated Spiral Plater (West Yorkshire, UK). The 375 remaining aliquot was then heat treated at 60°C for 30 minutes prior to spiral plating 376 on bile aesculin agar containing 6.5%w/w sodium chloride. Heat treatment and the 377 presence of high concentrations of bile and sodium chloride would only permit the 378 growth of E. faecalis but not S. anginosus (43). Plates were incubated at 37°C, 5% 379 CO 2 for 24 hours prior to counting. E. faecalis counts were subtracted from total 380 counts to give the number of S. anginosus bacteria. Specific growth rate was 381 calculated using the log phase of each growth curve and Equation 1, where μ is the 382 growth rate in CFU/mL per hour, x is the CFU/mL at the end of the log phase, x o is 383 the CFU/mL at the start of the log phase and t is the duration of the log phase in 384 hours. 385
Co-culture model 388
The co-culture rat tooth infection model was prepared as described by 389 Light microscopy images were captured at x100 magnification using a Nikon digital 431 camera and ACT-1 imaging software (Nikon UK Ltd, Surrey, UK). 432 433
Semi-quantification of cell viability by cell counts 434
ImageJ (National Institutes of Health, Maryland USA) was used to count the 435 number of nuclei per pulp on stained histological sections. For each time point, 436 sections were cut from 5 tooth slices. Images were captured at x20 magnification 437 and combined using ImageJ software (Fig. S6) . The blue field was extracted from 438 the images and the moments threshold method was applied to separate the pulp 439 cells. The watershed function was applied to split adjacent cell nuclei and the 440 number of particles ranging in size from 3 to 100μm 2 were counted. The data was 441 normalised to the pulpal area and standard errors of the mean were calculated. 442 443
Semi-quantification of bacterial coverage 444
ImageJ was used to quantify the area of the pulp inoculated with fluorescent 445 bacteria. The green field of the fluorescent image was extracted and the image 446 19 converted into a binary form using the moments threshold method. The pulpal area 447 was manually selected and the total area of the pulp measured. The area covered 448 by the fluorescent bacteria was then measured and calculated as a percentage of 449 the selected pulp area (Fig. S7) . 450
451
RT-qPCR of cytokines 452
Four mm thick tooth slices were cultured as previously described for 24 hours 453 with either sterile DMEM-BHI as a control; DMEM-BHI inoculated with 10 2 CFU/mL 454 S.anginosus or E. faecalis or DMEM-BHI with a mixed species of S.anginosus or E. 455 faecalis (50:50 and 90:10 ratios respectively). After incubation, the tooth slice was 456 transferred to sterile PBS and the pulp removed by flushing the pulpal cavity with 457 PBS using a 0.1mm needle and syringe. RNA was extracted using TRIzol® Reagent 458 (ThermoFisher Scientific, Loughborough, UK) followed by RNAse treatment 459 (Promega, Southampton, UK) according to the manufacturers' instructions. 460
Analysis of gene expression was performed in accordance to the Minimum 461
Information for publication of Quantitative real-time PCR Experiments (MIQE) 462 guidelines (45). RNA concentrations were determined using a NanoVue 463 Spectrophotometer (GE Healthcare Life Sciences, Buckinghamshire, UK). RNA 464 purity was determined by ensuring the ratio of absorbance at 260/280nm was above 465 1.8 and RNA quality checked by separating 1μg of RNA electrophoretically on a 2% 466 agarose gel containing SafeView (NBS Biologicals, Cambridgeshire, UK) in 467
Tris/Borate/EDTA buffer to ensure intact 28S and 18S rRNA bands using a Gel 468 Doc™ EZ System (BioRad, Hertfordshire, UK). The resultant cDNA was diluted 1:10 in nuclease free water (25ng cDNA). 478
Forward and reverse primers used are listed in Table 2 Primer specificity was ensured by the presence of single melt curve peaks (Fig.  491   S9 ) and by running products on agarose gels, as previously described, to confirm 492 single bands and correct product lengths (Fig. S10) . Primer efficiency was between 493 90-110% for all primers used (Fig. S11 ) and determined using total rat RNA 494 converted to cDNA, as previously described, and serially diluted 1:4 in nuclease-free 495 21 water. Reference gene validation was performed by comparing gene stability across 496 all samples using NormFinder software (47). β-actin was found to be the most stable 497 reference gene (Fig. S12) . Silver Stain Plus Kit according to the manufacturer's instructions and imaged using a 537
Gel Doc™ EZ System (Biorad, Hertfordshire, UK). 538 539 E. faecalis supernatant and heat-killed E. faecalis treatments 540
An overnight culture of E. faecalis was diluted in 20mL DMEM-BHI media to give 541 a starting inoculum of 10 2 CFU/mL as previously described. After incubation for an 542 additional 24 hours at 37°C, 5% CO 2 , the suspension was centrifuged at 5000g for 5 543 minutes. The supernatant was filtered through a 0.22μm syringe filter and frozen 544 overnight at -20°C before freeze drying for 24 hours using a ScanVac CoolSafe 545 23 freeze dryer (LaboGene, Lynge, Denmark). The pellet of bacteria was resuspended 546 in 20mL of PBS and centrifuged at 5000g for 5 minutes. This step was repeated 547 again to ensure minimal carryover of culture supernatant. The pellet was then 548 resuspended in 20mL DMEM-BHI and heated to 100°C for one hour. The solution 549 was then frozen overnight at -20°C before freeze drying as previously described. 550 20mL of sterile DMEM-BHI was also frozen and freeze dried as a control. All freeze 551 dried samples were individually resuspended in 20mL of sterile DMEM-BHI and used 552 to culture rat tooth slices for RT-qPCR of cytokines and immunohistochemistry of 553 TNF-α and IL-1β as previously described. 554
555
Statistical analysis 556
A one-way analysis of variance (ANOVA) was performed using the data analysis 
